A study on surface morphology and tension in laser powder bed fusion of Ti-6Al-4V by Khorasani, Mahyar et al.
ORIGINAL ARTICLE
A study on surface morphology and tension in laser powder bed
fusion of Ti-6Al-4V
Mahyar Khorasani1,2 & AmirHossein Ghasemi3 & Umar Shafique Awan1 & Elahe Hadavi2 & Martin Leary4 &
Milan Brandt4 & Guy Littlefair5 & William O’Neil6 & Ian Gibson1,2
Received: 8 May 2020 /Accepted: 5 October 2020
# The Author(s) 2020
Abstract
When reporting surface quality, the roughest surface is a reference for the measurements. In LPBF due to recoil pressure and scan
movement, asymmetric surface is shaped, and surface roughness has different values in different measurement orientations. In
this research, the influence of the laser powder bed fusion (LPBF) process parameters on surface tension and roughness of Ti-
6AI-4 V parts in three orientations are investigated. To improve the mechanical properties, heat treatment was carried out and
added to the designed matrix to generate a comprehensive data set. Taguchi design of experiment was employed to print 25
samples with five process parameters and post-processing. The effect and interaction of the parameters on the formation of
surface profile comprising tension, morphology and roughness in various directions have been analysed. The main contribution
of this paper is developing a model to approximate the melting pool temperature and surface tension based on the process
parameters. Other contributions are an analysis of process parameters to determine the formation and variation of surface tension
and roughness and explain the governing mechanisms through rheological phenomena. Results showed that the main driving
factors in the variation of surface tension and formation of the surface profile are thermophysical properties of the feedstock,
rheology and the temperature of the melting pool. Also, the results showed that while the value of surface tension is the same for
each test case, morphology and the value of roughness are different when analysing the surface in perpendicular, parallel and
angled directions to laser movement.
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Cps Specific heat capacity in solid state
Cpm Specific heat capacity in liquid state
Ed Energy density
E Error




LM Level of matrix






Rg Universal gas constant
S Spreading parameter
Ss Scan speed




Tmp Titanium melting point temperature
Tv Vapour temperature
Ufb Speed of melted particles at the
bottom of melting pool
Wsu Other works
γSL, γSG, γLG Surface tension for solid-liquid,
solid-gas and liquid-gas
γ0 Constant surface tension for
each liquid
ΔHphase change Phase change (microstructural)
enthalpy for solid state





Laser powder bed fusion (LPBF) is an additive manufacturing
(AM) method for the process of metal alloys by fusing and
melting the metallic powder with a laser beam [1, 2]. Among
different metallic alloys which have been used in LPBF, Ti-
6Al-4V has gained much attention due to its wide range of
applications in the industry [3, 4]. Titanium alloys are often
used for bio-implantation because of their high strength, low
density, corrosion resistance and relatively low Young’s
modulus. Delfs et al. [5] showed that the surface roughness
and porosity of LPBF-fabricated parts are determined by the
dimensions, stability and behaviour of the melt pool.
However, surface roughness created by the fusion of metallic
powder suffers from other problems such as balling and stair-
case effect.
Chen et al. [6] showed that the surface roughness of Ti-
6Al-4V manufactured by LPBF is also dependent on the sam-
ple’s location on the build platform and powder size distribu-
tion. The surfaces that are closer to the laser origin are rougher
than those that are further away. The hatch distance is another
important factor reported by Sanaei et al. [7] that can influence
the geometric characteristics of cracks and surface morpholo-
gy. Yadroitsev et al. [8] reported that to reduce surface rough-
ness, the maximum hatch space should not exceed the average
width of continuous tracks. They also reported that for one-
pass thin wall fabrication by LPBF (fixed laser power), layer
thickness and scanning speed play important roles. Khorasani
et al. [9] modeled the average surface using artificial neural
networks by feeding process and post-process parameters.
This research showed that heat treatment in beta phase and
laser power had the highest influence on the value of average
surface.
In addition to the in-process parameters, the post-process
parameters, including heat treatment, machining, stress-
relieving and hot isostatic pressing (HIP), influence the sur-
face quality of the LPBF-manufactured parts. To modify the
surface properties, various thermochemical treatments are ap-
plied by Vayssette et al. [10] on LPBF-fabricated parts, which
can result in the formation of titanium oxide layers on the
surface and change the surface morphology and roughness.
Moreover, the half-molten particles from the powder in-
crease surface roughness by creating the protuberances on
the surface with the spherical shape [11]. The deficiencies of
the inclined surfaces, which are fabricated by the LPBF pro-
cess, are split into down-skin (below over-hang area) and up-
skin (above over-hang area). Perez et al. [12] showed that the
geometry of step edges and the amount of half-melted parti-
cles from step edges determines the up-skin surface rough-
ness. Gusarov et al. [13] reported that in down-skin surface
roughness, the limited contact between the surface of powder
particles and the insulating air gap between particles results in
the limited local heat dissipation from fusion zone of the pow-
der bed.
Some researchers formulated a mathematical model for
predicting surface roughness at various sloping angles. This
model particularly considers the presence of particles on the
upper surface along with a staircase effect. Unlike the straight-
forward staircase model, this model is responsible for ob-
served roughness over a full surface angle that was found by
Strano et al. [14]. Investigation on surface treatment for the
optimisation of LPBF Ti-6Al-4V porous structures described
that chemical etching solutions increased the effectiveness of
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surface treatment excessively. However, Pyka et al. [15]
showed that surface treatment was also affected by the com-
bination of different process factors, i.e. surface treatment du-
ration and hydrofluoric (HF) acid concentration. Surface pro-
file in LPBF is asymmetric due to recoil pressure and scan
movement, and there is no literature explaining the governing
mechanisms for these phenomena.
This paper is complementary to the previous research on the
effect of process parameters on the average surface. In this
experiment, Taguchi design of experiment (DOE) was selected
to model five parameters, including four process parameters
and a post-process, to explain their effect on the value of surface
tension and surface profile including morphology and rough-
ness in different directions to laser movement. The effect of
each parameter on the results as well as the interaction of each
two factors on various surface profiles has been plotted,
analysed and discussed. All related phenomena are explained
based on rheology and melting pool-related phenomena.
2 Experimental setup
2.1 Powder material and LPBF operation
Samples were printed based on ASTM E8 and E8M using an
LPBF 125HL (SLM Solutions GmbH, Lubeck, Germany),
equipped with YLR-Fibre-Laser. The layer thickness was se-
lected 30 μm for all test samples, and the operational beam
focus diameter was 100 μm.
2.2 Design of experiment
In the case of using full factorial DOE, the number of samples,
time taken and, subsequently, the cost of the experiments
sharply increase for expensive experiments such as in AM
processes. Therefore, to reduce the cost and time of the exper-
iment without affecting the accuracy of results, Taguchi L25
DOE was selected to examine five parameters on five levels.
The parameters are laser power, scan speed, hatch spacing,
laser pattern angle and heat treatment temperature. Factors in
each column have to be analysed independently, and therefore
the number of replications in each column is balanced. In this
case, the design is stated as orthogonal. Table 1 shows the
process parameters and their levels. We selected laser power,
scan speed and hatch space, which play a role in energy den-
sity and temperature. Also, heat treatment was selected be-
cause this process is essential in improving mechanical prop-
erties [16, 17]. We also selected a laser scanning pattern angle
to analyse the effect of the layering angle on the roughness.
Based on original equipment manufacturer (OEM), the values
of standard process parameters were selected. Then, consider-
ing the capability of the LPBF machine, the maximum and
minimum ranges of parameters were chosen.
2.3 Post-processing (heat treatment)
In AM, more specifically when the process includes melting
operation, the periodic cooling and heating during the build
processes result in large thermal gradients and thermal resid-
ual stress history. To improve the ductility and machinability
of the parts, different annealing processes followed by furnace
cooling have been employed [18, 19]. Table 1 shows the heat
treatment conditions. In this instance, the heating and resident
times were fixed at 120 min, meaning the initial heating gra-
dient steadily increased from room to the set temperature from
4.8 to 8.6 °C/min. The cooling rate was fixed at 5 °C/min
across all samples to prevent a detrimental impact on the me-
chanical properties due to the cooling rate on the samples. Due
to the high cooling rate, as-built LPBF prototypes have com-
paratively high tensile strength and low ductility. To improve
the mechanical properties and machinability of the parts, dif-
ferent annealing processes have been suggested [20]. These
include stress relief annealing at 600 °C , mill annealing at 750
°C , α + β annealing and β annealing at 1050 °C followed by
furnace cooling according to the related standards [21].
2.4 Surface profilometry
An optical profilometer (Alicona Infinite Focus) equipped
with × 5 to × 100 operational lenses was used to scan the
surface of the samples. For each direction, 10 different areas
of the surface (parallel, angled and perpendicular) were select-
ed for scanning of the LPBF-fabricated parts with a minimum
range of 10 mm (for measurement length). The normalised
value of surface parameters was calculated according to ISO
4288 and ISO 11056, and a high pass built-in Gaussian filter
was applied. The lateral and vertical resolutions of the
profilometer were 10 nm and 400 nm. Based on the proposed
DOE, 25 test samples with five repetitions were produced
(totally 125 samples). Then, 30 profilometries were performed
on each sample; thus, 3750 profiles were obtained, and the
roughness for three directions was measured, so a total of
11,250 measurements were carried out. Subsequently, the av-
erage roughness of each sample was reported. The scanned
area for surface profilometry was selected randomly in differ-
ent parts of the components according to Fig. 1a.
Subsequently, based on the obtained profilometry, images of
various roughness including parallel, perpendicular and an-
gled to scan movement were measured (Fig. 1b).
3 Results
3.1 Taguchi analyses of obtained results
To verify the performance of the Taguchi results, the mean
values versus signal to noise (S/N) ratio was calculated. Signal
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to noise is a sign of accuracy in each experiment. The surface
quality for application of the LPBF-fabricated parts plays an
important role. Therefore, in this analysis, the criterion of
“smaller-is-better” was selected. To analysis the validity of
each test, SNR versus mean effect plot for all directions (par-
allel, angled and perpendicular) were drawn. In this analysis,
the more horizontal curves, the less influence on the outputs
[22]. Also, the lowest values in the mean effect plot should
stay exactly at the highest points in the SNR diagrams. As can
be seen in Fig. 2, this occurred for almost all of the points,
which shows the correctness of the experimental procedure.
Figure 2 shows the “main effect” and SN plots.
3.2 A predictive model for inputs versus outputs and
correlations
The artificial intelligence (AI)-based methods have higher ac-
curacy than other statistical methods such as Poisson regres-
sion; however, AI methods cannot provide information on the
interaction of factors. Therefore, to analyse the interaction
Fig. 1 (a) Surface roughness measurement from different parts of the samples. (b) Measurement directions

















90 600 65 36 20 - - -
95 650 70 40 600 120 120 120
100 700 75 45 750 120 120 150
105 750 80 60 925 120 120 185
110 800 85 75 1050 120 120 210
2894 Int J Adv Manuf Technol (2020) 111:2891–2909
diagrams in this research, statistical regression was used to
model and explain the behaviour of the process. The general
equation was calculated using a categorical predictor based on
single interactions through the order. The link function was
selected as logarithmic with a 95% confidence level for all
intervals. The selected type of confidence intervals was two
sided. Figure 3 shows the values from experimental results
versus the prediction of the proposed Poisson model, demon-
strating a very good correlation, and the accuracy of the pro-
posed model is approved. The regression model was
calculated based on outputs and the exponential function of
categorical input data.
This model is summarised based on the following matrix:
Predict Value ¼ exp cþ LM
ih
125½ 
 CM½  251½ 
  
ð1Þ
C is a constant value that is added to balance the equation,
“coefficient matrix” contains the coefficient related to each
Fig. 2 Signal to noise and mean analysis
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parameter, and “level matrix” is the matrix that determines the
condition for prediction. This matrix has 25 arrays comprising
five separate submatrices. Submatrices include laser power,
scan speed, hatch space, scanning pattern angle and heat treat-
ment. Each submatrix has an array of ([5*1]), and one of the
arrays is 1, and others are zero. The index of the array equal to
1 corresponds to the setup that is predicted.
The array value related to the matrix level is determined by
DOE levels.
For example, to predict the Ra parallel value related to setup
with laser power 95(W), scan speed 700 mm/s, hatch spacing
80 μm, scanning pattern angle 45° and heat and treatment tem-
perature 600 °C, the level of matrix is determined as follows:
Level matrix ¼ 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0½ 
ð2Þ




0 0:06598 −0:2953 −0:18298 −0:04563 0 0:29947 0:23439 0:28641 0:35921 0





To predict the value related to each setup, it is necessary to
rewrite matrix levels and recalculate it.
This procedure is acceptable for all models (Ra in each
direction).
The correlation factor is a factor that helps to validate the
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Fig. 3 Experimental measurement versus Poisson regression predictions
Table 2 Correlation factor for regression models
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shows the correlation factor related to each model for categor-
ical prediction:
The proposed model is dimensionless; in order to count
units of input variables, another regression model could be
used that is presented as follows:
predicted value ¼ C  LPP1  SSP2  HSP3 
 SPP4  HTP5  ð4Þ
C balances the equation and unit of output. This model also
could carry the interaction between input parameters.
Another advantage of continuous models over the cate-
gorical model is an open range for input value between the
lower and upper boundary of the experiment parameters.
However, the fluctuations in the coefficient of correlation
in this regression are higher than categorical regression.
Therefore, in this research, categorical regression was used
to analyse the data.
3.3 Analysing the effective parameters using Taguchi
and MANOVA
3.3.1 General multivariate analysis of variance
In this section, multivariate analysis of variance (MANOVA)
has been applied to the obtained data to show the effectiveness
of each parameter. In order to do this, three important criteria
comprising Hotelling-Lawley, Pillai’s trace and Wilk’s
Lambda were utilised.
One of the most practical criteria for finding the effective
parameters in ANOVA is Hotelling-Lawley. Based on this
criterion, the trace of the cross-product matrix (H) times by
error sums of the square (E) can reject or accept a null hypoth-
esis.
T2 ¼ Trace HE−1  ð5Þ
If H is large compared with E, then the Hotelling-Lawley
trace will result in large values, and the null hypothesis will be
rejected. The second criterion that approves the null test is
Pillai’s trace. This is a positive value of statistics ranging from
0 to 1 and is calculated using the following equation:
V ¼ Trace H H þ Eð Þ−1
 	
ð6Þ
If H is large relative to E, then Pillai’s trace will result in
bigger values, and a null hypothesis will be rejected.
In LPBF process, parameters are independent but should
be adjusted according to each other. Wilk’s Lambda is
used to verify the other two criteria. A value of zero means
that there is no variance explained by the independent var-
iable (which is ideal). Therefore, the closer to zero the
statistic is, the more the variable in question contributes
to the model. The null hypothesis is rejected when Wilk’s
lambda is close to zero, although this should be done in
combination with a small p value.
Λ ¼ Ej j
H þ Ej j ð7Þ
Table 6 shows that the most influential factors on the
parallel and angled surfaces are heat treatment, hatch
space, laser power, scan speed and scan pattern angle.
However, for perpendicular surfaces, different conditions
were observed. For perpendicular surfaces, the rating of the
effective parameters from the highest to the lowest is heat
treatment, laser power, hatch space, scan pattern angle and
scan speed. To prove this trend, Taguchi analysis was car-
ried out in the next step.
3.3.2 Effective parameters by Taguchi analysis
Ranking of influential parameters is a direct factor of Delta.
So, this factor is calculated based on Taguchi analysis; the
highest Delta corresponds to the most effective parameter.
Table 3 shows the average of the response characteristics at
each level of the factor.
As can be seen in Table 3, the most influential factors on
the parallel and angled surfaces are heat treatment and hatch
spacing followed by scan speed, laser power and scan pattern
angle. This result confirms theMANOVA (Appendix). On the
other hand, for perpendicular surfaces, a different trend was
observed. The most influential factor was similar to parallel
and angled, which was heat treatment. The following factors
are laser power, hatch space, pattern angle and scan speed.
The reason and mechanism of these phenomena are explained
in the following section.
4 Discussion
4.1 Interaction of process parameters on the surface
profile for parallel and angled measurements
4.1.1 Laser power
The results of the interaction plots for different process
parameters and heat treatment for the parallel and angled
surfaces showed a similar trend. Figure 4a–d show that by
increasing laser power, the value of roughness decreased
up to 30%, for all samples. Surface roughness is directly
related to melting pool size, energy density and subse-
quently temperature. When higher laser power is selected,
the energy density and melting pool temperature based on
Eqs. 8 and 9 increase [2, 23, 24].
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When melt pool is solidified before the laser completely
passes the current track, hatch distance does not affect the
energy density, so the approximation of volumetric energy
density is obtained according to Eq. 8 [2]. In this equation, η
is the absorption coefficient, LP is laser power, SS is scan speed
and BA is beam area. In order to melt the material, enough heat
and energy are needed to increase enthalpy. The enthalpy for
Ti-6Al-4V is a function of temperature in a solid phase, solid
liquid (melting) and the liquid phase.
Ed ¼ ηLPSSBA ð8Þ
Ed ¼ ∫TsT0CpsdT þ ΔHm þ ∫
Tmp
T l CpmdT ð9Þ
Figure 5 shows the variation of specific heat versus
temperature. Thus, to obtain the relation of specific heat
versus temperature, different regressions were carried out,
and the best results were obtained from the linear model.
Specific heat in the melting phase is constant; however, it
has different values versus temperature in the solid phase.
Linear equation and the value of enthalpies are presented
as follows.
CPs ¼ 0:474793þ 0:000240253ð ÞT− 1:62089 10−8
 
T2for T ¼ 298 K−1268 K
CPs ¼ 0:411245þ 0:00018196ð ÞT− 5:89678 10−10
 




for T ¼ 1923 K and Higher
ΔHphase change ¼ 48 Jgr
ΔHm ¼ 360 Jgr
To balance Eq. 9 on the right-hand side, the enthalpy is
multiplied in density. The density of Ti-6Al-4V has different
trends versus temperature, which is shown in Fig. 6.
Therefore, for each section of Fig. 6, the value of density
was approximated by the regression model.
When heating Ti-6Al-4V in 1268 K, the material goes to
phase transformation and needs more energy; therefore, con-
sidering enthalpy in different conditions, the value of energy
density is obtained through Eq. 10.




By solving Eq. 10 based on melt pool temperature (Tmp)
that is in the border of the last integral, the approximation of
Tmp is obtained by Eq. 11:
Table 3 Response and means table for Ra parallel, angled and perpendicular
Response table for signal to noise ratios Response table for means
Level LP (W) SS (mm/s) HS (μm) SP (°) HT (°C) LP (W) SS (mm/s) HS (μm) SP (°) HT (°C)
Signal to noise and
main effect analysis
for Ra parallel
1 − 80.37 − 77.71 − 79.00 − 80.02 − 79.37 10,927 7879 9634 10,347 9495
2 − 80.93 − 80.05 − 78.39 − 80.05 − 76.72 11,186 10,452 8472 10,347 7297
3 − 78.03 − 79.46 − 79.49 − 79.81 − 78.96 8407 9981 9924 9927 9126
4 − 78.62 − 79.93 − 79.31 − 78.44 − 82.28 9234 10,231 9503 8927 13,109
5 − 79.92 − 80.72 − 81.69 − 79.55 − 80.54 10,172 11,385 12,394 10,379 10,900
Delta 2.91 3.01 3.30 1.62 5.56 2779 3506 3922 1452 5812
Rank 4 3 2 5 1 4 3 2 5 1
Signal to noise and
main effect analysis
for Ra angled
1 − 81.12 − 78.36 − 79.32 − 79.30 − 79.91 11,953 8351 9487 9386 9989
2 − 79.92 − 80.10 − 78.01 − 80.83 − 77.57 9968 10,306 8084 11,334 7610
3 − 79.70 − 80.30 − 80.61 − 79.63 − 78.56 10,140 10,829 10,983 9704 8732
4 − 78.86 − 79.86 − 79.95 − 79.90 − 82.23 9209 10,400 10,298 10,325 13,254
5 − 79.73 − 80.71 − 81.44 − 79.67 − 81.07 9902 11,286 12,319 10,422 11,587
Delta 2.26 2.35 3.43 1.53 4.66 2744 2936 4235 1949 5644
Rank 4 3 2 5 1 4 3 2 5 1
Signal to noise and
main effect analysis
for Ra perpendicular
1 − 80.07 − 79.73 − 80.28 − 80.04 − 79.79 10,156 9950 10,401 10,292 9818
2 − 81.77 − 80.76 − 78.47 − 80.52 − 79.05 12,352 11,022 8840 10,888 9156
3 − 80.37 − 80.17 − 80.24 − 80.79 − 78.89 10,807 10,584 10,500 11,175 9033
4 − 79.43 − 79.89 − 80.07 − 80.13 − 82.39 9715 10,319 10,175 10,323 13,265
5 − 78.82 − 79.90 − 81.40 − 78.96 − 80.34 8868 10,023 11,983 9219 10,626
Delta 2.94 1.03 2.93 1.83 3.51 3484 1073 3143 1957 4232
Rank 2 5 3 4 1 2 5 3 4 1
LP is laser power, SS is scan speed, HS is hatch space, PA is laser-pattern angle and HT is heat treatment
















Fig. 4 Contour plots for the interaction of process parameters in parallel measurements
Fig. 5 Special heat capacity related to temperature [25]
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The width of the track is related to laser power, scan speed
and the interaction between these two parameters. Higher laser
power and lower scan speed produce higher temperature and
based on Eq. 12 decreasing surface tension from 1.52 to 0.8
N/m. This leads to forming a low viscosity (Eq. 10) melting
pool, which in turn leads to increased wettability and de-
creased Rayleigh instability [26, 27].






















In Eq. 12, γ0 and T0 are reference values of surface tension
and temperature, while δγδT is the slope of the linear equation
(Fig. 7). The reference values of temperature and surface ten-
sion are listed in Table 4:
In Eqs. 8, 9 and 12, absorption ratio, specific heat capacity,
latent heat of fusion and critical temperature are the
thermophysical properties of the material. Meanwhile, laser
power, scanning speed, beam area and T0 are process
Fig. 6 Density related to
temperature [25]
Fig. 7 The trend of surface
tension versus temperature (the
concept of Marangoni’s effect)
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parameters that have to be selected by operators so the effect
of these parameters has been studied on surface tension in the
next section.
Equations 8 and 11 show that increasing laser power and
preheating (T0) increase the melting pool temperature.
Scanning speed and beam diameter have a reverse relation
with melting pool temperature. Equation 12 shows that by
increasing melting pool temperature, the value of bracket in-
creases, and due to the negative slope in Fig. 7, the value of
surface tension (γ) decreases. This phenomenon is called the
thermocapillary effect. Table 5 presents the calculated surface
tension and melt pool temperature for each experiment.
4.1.2 Scan speed
Based on Taguchi and MANOVA, scan speed has a higher
impact on parallel and angled surfaces, so the direction of the
contour colours was generally formed toward scan speed
(Figs. 4, 8 and 12a). In higher scan speed, due to Rayleigh
instability and lack of wetting, the roughness of the parallel
and angled surface increased (Fig. 4a, e, f and g). For higher
scan speed (800 mm/s), the value of surface tension obtained
1.22–1.52 N/m, while for lower scan speed (600 mm/s), sur-
face tension ranging 0.8–1.10 N/m was obtained. The wetta-
bility of the melting pool is defined by the spreading param-
eter “S”. According to Eq. 11, the type of spreading can be
film or droplet [24, 30–33].
S ¼ γSG− γSL þ γLGð Þ
If S > 0⇒Film appears
If S < 0⇒Droplet appears
8<
: ð13Þ
By increasing scan speed according to Eq. 12, the value of
melting pool temperature decreases, and on account of the
thermocapillary effect, the value of surface tension increases,
more specifically in the liquid phase (γSL + γLG); therefore, S
< 0 and the droplet appears on the surface.
In contour colour-plotted diagrams, the area of low energy
density has a lower temperature and higher surface tension.













Value 1.52 1923 -5.52 × 10-04
Table 5 The calculated surface
tension and approximation of
melting pool temperature




1 90 600 1.10 2678.67
2 90 650 1.21 2488.99
3 90 700 1.32 2289.90
4 90 750 1.43 2092.29
5 90 800 1.52 1931.11
6 95 600 1.03 2815.66
7 95 650 1.14 2615.44
8 95 700 1.23 2443.83
9 95 750 1.34 2244.59
10 95 800 1.44 2064.73
11 100 600 0.95 2952.66
12 100 650 1.07 2741.90
13 100 700 1.17 2561.25
14 100 750 1.25 2404.69
15 100 800 1.36 2205.62
16 105 600 0.88 3089.65
17 105 650 1.00 2868.35
18 105 700 1.10 2678.67
19 105 750 1.19 2514.28
20 105 800 1.28 2355.14
21 110 600 0.80 3226.64
22 110 650 0.93 2994.81
23 110 700 1.04 2796.09
24 110 750 1.13 2623.87
25 110 800 1.22 2473.18
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These lead to produce lower wetting and higher viscosity, as
well as lack of fusion, which decreases the surface quality
[34]. Moreover, in the melting pool, bubbles often form along
contact surfaces. The pressure of the bubbles is obtained from




In the case of higher scan speed and hatch space and lower
laser power (Figs. 4a and g and 8a and g), lower energy den-
sity leads to higher surface tension and subsequently higher
bubble pressure. Bursting and splashing are the results of this
phenomenon, and rough surface is formed; therefore, surface
quality reduces in agreement to the literature [35, 36].
4.1.3 Hatch space and pattern angle
Increasing hatch space has both positive and negative ef-
fects on the quality of the surface. By increasing the hatch
space, less overlap area is generated. In the overlap area,
due to higher viscosity and mush phase, the interaction of
surface tension and hydrostatic force versus vapour pres-
sure is not balanced, and keyholes and fusion appear,
hence increasing the value of surface roughness. Also,
due to the lack of Marangoni’s convection, accumulated
heat increases the chance of cracks, more specifically when
the temperature of the melting pool is high [37, 38].
Moreover, in the case of lower hatch space due to higher
overlap, some of the ripples were covered by the overlap-
ping of subsequent hatching. Thus, smoother surfaces are
formed as a consequence of the interaction of these two
phenomena. Figures 4 and 8b, e, h and i indicated that by
increasing the hatch space (interacting with other process
parameters), the value of surface roughness for parallel and
angled measurements increased (Fig. 8). As can be seen in
Fig. 9c, increasing the hatch space leads to the formation of
uncovered areas with a circular shape and deposited parti-
cles situated around this area. This is a possible crack ini-
tiation region and reduces surface quality.
Figures 4 and 8e show that in the area of lower energy
density including higher scan speed and hatch distances, the
rougher surface was obtained. This is related to the
thermocapillary effect and increasing surface tension (as a
result of decreasing energy density and melting pool
temperature Eqs. 9 and 12). Therefore, the surface tension,
in conjunction with the liquid phase γSL and γLG, increased,
and according to Eq. 13, lack of wettability results in lower
surface quality. The surface tension for lower scan speed was
obtained 1.9-fold bigger than higher scan speed. The interac-
tion of hatch space and pattern angle in Figs. 4 and 8h shows
that by increasing pattern angle, small variations on the value
of surface roughness were obtained in agreement with the


















































































e f g h
Fig. 8 Contour plots for the interaction of process parameters for angled measurements
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The interaction of laser pattern incremental angle versus
other process parameters showed that this parameter has the
lowest impact on the surface roughness for parallel and angled
measurements. Therefore, the effect of this factor on the for-
mation of surface profile can be neglected.
4.1.4 Heat treatment
Heat treatment was found to be the most influential parameter
on the surface roughness for both parallel and angledmeasure-
ments. When the samples are heat treated on the α + β phase,
the formation of β (due to inherent soft characteristic) and
softening occurs. In this heat treatment, the β transformation
is directly related to the cooling rate [21, 39–41]. In our case,
the cooling rate was relatively slow (5 °C/min), and β is trans-
ferred to secondary α lamellae, so the softened material on the
surface moved in microscale. The effect of heat treatment on
the lowest and the best surface was shown in Fig. 10.
As can be seen in β annealing, dropped particles on the top
surfaces fused and micro-movement of softened materials re-
sult in large valleys, and the surface quality radically de-
creased. The common defects in LPBF are balling, unstable
melting pool, residual particle, spattering, etc. which form
peak and valleys and in β heat treatment. Some unmelted
particles on valleys are fused on the top surface and result in
poor surface quality in agreement to the literature [18, 20, 42].
Moreover, LPBF is working under a controlled atmosphere
with the presence of inert gas, but the small value of some
elements such as oxygen and nitrogen [43] that are common
contamination in LPBF of Ti leads to a decrease in the melting
temperature of titanium, causing micro-flow and production
of rougher surfaces, as shown in Fig. 10.
4.2 Interaction process parameters on the surface
profile for perpendicular measurements
4.2.1 Laser power
For surface roughness measurement that is perpendicular to
the scan direction, contour plots show that increasing laser
power improved surface quality. This is related to the ex-
plained phenomena such as pressure in droplets and
wettability.
Increasing laser power also increases recoil pressure, more
specifically in the radial direction (toward overlapping area).
In the overlap area, the gradient of melting fluid speed is zero,









Recoil is a rheological phenomenon that happens only in
non-Newtonian fluids and is defined by a moving fluid’s abil-
ity to snap back to a previous position when external forces are
removed. This phenomenon is a result of the fluid’s elasticity
and memory and is related to the molecular structure, the
location and shape of the fluid. This pressure is associated
with conformational entropy [44]. Almost all molten metal
are non-Newtonian. Molten metal could exhibit both time-
independent (but stress-dependent) and time-dependent (when
Fig. 9 The effect of hatch space
on ripples
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sheared at a constant rate) properties. Sometimes, they display
a mix of both types of behaviour. In AM, the pressure of the
laser produces the source of the snapback movement. The
effect of recoil pressure is called a ripple effect, which can
be seen on the top surface of LPBF parts and is obtained
according to the following equation [44]:








By the substitution of process parameters (Eq. 8) on Eq. 16,
recoil pressure in LPBF is defined according to Eq. 17:
Fig. 10 Measurement directions and defects on annealed samples
Fig. 11 Higher hatch space and the ripple effect
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Surface pressure in the work chamber is constant, and by
supposing no additional work inside the chamber “Wsu”, the
recoil pressure is defined according to Eq. 18.








In addition, enthalpy is a function of heat dh = δQ; there-
fore, according to Eq. 8, increasing energy density leads to
increasing temperature, and generated heat on the surface of
the melting pool and subsequently recoil pressure increases.
When the temperature increased, due to the thermocapillary
effect, surface tension decreased, and radial recoil pressure
induces higher Marangoni’s convection. This led to transfers
of the accumulated heat from the bottom of the overlap area to
the melting pool surface, and so vapour pressure reduced. This
provides less chance for the formation of keyholes, and sur-
face quality improves.
4.2.2 Scan speed
When increasing scan speed, almost no change was observed
on surface roughness in perpendicular measurements. This is
shown in Table 3 and Table 6. Furthermore, fitted line plots
and contour colour diagrams illustrate very small variations of
roughness in perpendicular scan direction were observed. The
reason is any phenomenon that happens due to the variation of
scan speed is associated with the parallel direction. Therefore,
when measuring roughness perpendicular to scan movement,
the chance of happening the mentioned phenomena and de-
fects is less.
4.2.3 Hatch space and scan pattern angle
Similar to parallel and angled measurements, by increasing
the hatch space, the value of roughness for perpendicular mea-
surement increases. This can be related to increasing the
chance of formation of radial ripples which increases the num-
ber of peaks in each measurement and increases the value of
roughness. Increasing the roughness in radial (perpendicular)
direction due to the ripples has two times more effect on the
value of roughness (Fig. 11).
Based on Fig. 12b, e and h, increasing hatch space in-
creases the value of surface roughness in perpendicular mea-
surements. The mentioned radial mechanism is stronger than
the positive effect of decreasing the overlap area for the bigger
hatches. The size and number of ripples are significantly larg-
er than overlap defects. Scan pattern angle showed similar
behaviour to scan speed on surface roughness of perpendicu-
lar direction. MANOVA and Taguchi analysis showed that
the pattern angle does not have a significant effect on the value




















































































Fig. 12 Contour plots for the interaction of process parameters for perpendicular measurements
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the perpendicular direction was observed by increasing the
pattern angle (Fig. 12c, f and h).
4.2.4 Heat treatment
Heat treatment, similar to parallel and angled measurements,
was found to be the most effective parameter on the surface
roughness. Similar phenomena that were explained for other
measurement directions affect the surface roughness in the
perpendicular scan movement. These comprise softening in
higher temperature, the fusion of dropped particles,
micromotion and the effect of other elements to decrease the
melting temperature [21, 39–41, 45].
5 Conclusion
In this research, we developed a physical model to estimate
the melting pool temperature and surface tension of LPBF Ti-
6Al-4V by using the process parameters, including laser pow-
er, scan speed, hatch space and pattern angle. Thermophysical
properties of the material including density and specific heat
have non-linear behaviour versus the temperature for solid,
semi-solid and liquid phases; however, they are constant in
the melting phase. To obtain the relation of specific heat and
density versus temperature, linear regressions (that showed
the best results) were used. Therefore, to estimate the melting
pool temperature and surface tension, a multicomponent inte-
gral model was used for different temperatures and phases.
A statistical model showed the effect of different process
and post-process parameters on the value of surface tension
and the generated surface quality for different directions (par-
allel, angled and perpendicular) to the scan movement.
Thermophysical properties and rheological phenomena are
shown to be the main driving factors for melting pool temper-
ature, surface tension and forming the surface profile. The
ranking of the most to the least effective parameters at the
parallel and angled surfaces was obtained as heat treatment
> hatch space > scan speed > laser power > scan pattern angle.
Higher laser power and lower scan speed produce higher
temperature; therefore, surface tension reduces from 1.52 to
0.8 N/m. This results in forming a low viscosity melting pool,
which in turn leads to increased wettability and decreased
Rayleigh instability, and surface roughness in all directions
improved. For lower scan speed (600 mm/s), surface tension
ranging 0.8–1.10 N/m was obtained, while for higher scan
speed (800 mm/s), the value of surface tension obtained
1.22–1.52 N/m. By increasing scan speed and surface tension,
specifically in the liquid phase, the droplets appear on the
surface which reduces the surface quality in parallel and an-
gled measurements.
Lower energy density increased surface tension in conjunc-
tion with the liquid phase (γSL and γLG), and rougher surface
due to lower wetting was obtained for parallel and angled
surfaces.
Changing hatch space has both positive and negative ef-
fects on the quality of the surface. By increasing the hatch
space, less overlap area is formed. In the overlap area, higher
surface tension and viscosity increase the chance of defects,
hence increasing the value of surface roughness. In contrast,
increasing the hatch space produces uncovered areas with a
circular shape and forms radial ripples and increases the num-
ber of peaks in each perpendicular measurement. The size and
number of ripples are significantly larger than overlap defects,
and rougher surfaces are obtained in perpendicular
measurements.
In the case of lower hatch space and bigger overlap, some
of the ripples were covered by the overlapping of next hatch-
ing, and smoother surfaces are formed for parallel and angled
measurements. Almost all rheological phenomena that are re-
lated to the variation of scan speed are associated with a par-
allel direction, so they have less effect on perpendicular
measurements
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Wilks’ 0.31021 2.224 0.229 0.26741 2.740 0.176 0.22375 3.469 0.128
Lawley-Hotelling 2.22365 2.224 0.229 2.73958 2.740 0.176 3.46934 3.469 0.128
Pillai’s 0.68979 2.224 0.229 0.73259 2.740 0.176 0.77625 3.469 0.128
Roy’s 2.22365 2.73958 3.46934
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Categorical regression equation for parallel measurements
Ra parallel ¼ exp Y0ð Þ
Y’ ¼ 9:0118þ 0:0 LP 90þ 0:06598 LP 95−0:29530 LP 100−0:18298 LP 105−0:04563 LP 110
þ0:0 SS 600þ 0:29947 SS 650þ 0:23439 SS 700þ 0:28641 SS 750þ 0:35921 SS 800
þ0:0 HS 65−0:09703 HS 70þ 0:00978 HS 75þ 0:01731 HS 80þ 0:27853 HS 85þ 0:0 PA 36
−0:01004 PA 40−0:02901 PA 45−0:17999 PA 60−0:08007 PA 72þ 0:0 HT 20
−0:30167 HT 600−0:03428 HT 750þ 0:33854 HT 925þ 0:12600 HT 1050
Categorical regression equation for angled measurements
Ra angled ¼ exp Y0ð Þ
Y’ ¼ 9:05131þ 0:0 LP 90−0:14817 LP 95−0:17804 LP 100−0:25504 LP 105−0:15944 LP 110
þ0:0 SS 600þ 0:20012 SS 650þ 0:21820 SS 700þ 0:18144 SS 750þ 0:27057 SS 800
þ0:0 HS 65−0:14900 HS 70þ 0:13797 HS 75þ 0:07238 HS 80þ 0:22983 HS 85þ 0:0 PA 36
þ0:16946 PA 40þ 0:04233 PA 45þ 0:06653 PA 60þ 0:05003 PA 72þ 0:0 HT 20
−0:26959 HT 600−0:14480 HT 750þ 0:26421 HT 925þ 0:12840 HT 1050
Table 6 (continued)
MANOVA tests for scanning pattern angle (°) MANOVA tests for heat treatment (°C)
Criterion Test statistic F P Test statistic F P
Wilks’ 0.61255 0.633 0.666 0.11475 7.715 0.036
Lawley-Hotelling 0.63253 0.633 0.666 7.71491 7.715 0.036














F P Test statistic F P
Wilks’ 0.09656 9.356 0.026 0.08171 11.238 0.019 0.04255 22.499 0.005
Lawley-Hotelling 9.35603 9.356 0.026 11.23800 11.238 0.019 22.49946 22.499 0.005
Pillai’s 0.90344 9.356 0.026 0.91829 11.238 0.019 0.95745 22.499 0.005
Roy’s 9.35603 11.23800 22.49946
MANOVA tests for
scanning pattern angle (°)
MANOVA tests for
heat treatment (°C)
Criterion Test statistic F P Test statistic F P
Wilks’ 0.16590 5.028 0.073 0.02177 44.933 0.001
Lawley-Hotelling 5.02757 5.028 0.073 44.93278 44.933 0.001

















Wilks’ 0.09957 9.043 0.028 0.49586 1.017 0.494 0.13164 6.597 0.047
Lawley-Hotelling 9.04269 9.043 0.028 1.01671 1.017 0.494 6.59653 6.597 0.047
Pillai’s 0.90043 9.043 0.028 0.50414 1.017 0.494 0.86836 6.597 0.047
Roy’s 9.04269 1.01671 6.59653
MANOVA tests for
scanning pattern angle (°)
MANOVA tests for
heat treatment (°C)
Criterion Test statistic F P Test statistic F P
Wilks’ 0.25188 2.970 0.158 0.05933 15.856 0.010
Lawley-Hotelling 2.97008 2.970 0.158 15.85582 15.856 0.010
Pillai’s 0.74812 2.970 0.158 0.94067 15.856 0.010
Roy’s 2.97008 15.85582
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Categorical regression equation for perpendicular
measurements
Ra perpendicular ¼ exp Y0ð Þ
Y’ ¼ 9:15933þ 0:0 LP 90þ 0:19878 LP 95þ 0:03453 LP 100−0:06722 LP 105−0:13450 LP 110
þ0:0 SS 600þ 0:10768 SS 650þ 0:04483 SS 700þ 0:01920 SS 750þ 0:01429 SS 800
þ0:0 HS 65−0:19656 HS 70−0:00370 HS 75−0:02507 HS 80þ 0:12460 HS 85þ 0:0 PA 36
þ0:04062 PA 40þ 0:08170 PA 45−0:00684 PA 60−0:11916 PA 72þ 0:0 HT 20
−0:07375 HT 600−0:09418 HT 750þ 0:30183 HT 925þ 0:07056 HT 1050
Continuous regression equation for parallel measurements
Ra Parallel ¼ 10−9772  LP3061  SS2647:8  HS−3481:4
 PA−25:52  HT1:256  LP  SSð Þ−613
 LP  HSð Þ595  LP  PAð Þ16:7
 LP  HTð Þ−2:29  SS  HSð Þ444
 SS  PAð Þ−6:27  SS  HTð Þ1:48
 HS  PAð Þ0:8  HS  HTð Þ−0:66
 PA HTð Þ−0:53
Continuous regression equation for angled measurements
Ra Angled ¼ 10651  LP214:6  SS62:2  HS379  PA−100:42
 HT53:32  LP  SSð Þ−8  LP  HSð Þ101
 LP  PAð Þ−21:66  LP  HTð Þ−12:23
 SS  HSð Þ11:4  SS  PAð Þ−13:28
 SS  HTð Þ5:84  HS  PAð Þ−34:49
 HS  HTð Þ6:01  PA HTð Þ−3:145
Continuous regression equation for perpendicular measure-
ments
Ra Perpendicual ¼ 101723  LP−264  SS−173  HS781
 PA−57:72  HT23:1  LP  SSð Þ73
 LP  HSð Þ−41  LP  PAð Þ1
 LP  HTð Þ−5:9  SS  HSð Þ−24
 SS  PAð Þ−11:32  SS  HTð Þ2:45
 HS  PAð Þ−14:4  HS  HTð Þ2:32
 PA HTð Þ−1:66
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